Toxicity
Introduction
Osteosarcoma is the commonest primary bone sarcoma affecting young people. The prognosis of patients with highgrade localised extremity osteosarcoma improved dramatically with the introduction of multi-disciplinary treatment (surgical resection in conjunction with perioperative multiagent chemotherapy) but over the past two decades there have been no further improvements in survival. Histological response to pre-operative chemotherapy is strongly related to the outcome, with patients who achieve a good histological response having a better prognosis than those who do not. [1] [2] [3] [4] However, identifying other factors that are reliably prognostic for survival or predictive of response to treatment has been problematic and, although evidence for the influence of several other factors, including histological subtype, 5 has been reported, none routinely influence practice.
In other cancers, chemotherapy-induced toxicity has been shown to be an independent prognostic indicator, with those patients who report greater toxicity also having improved survival. The strongest association has been with myelosuppression.
Prognostic effects of chemotherapy-induced neutropenia have been demonstrated in breast, 7 gastric, 6 lung 7, 8 and ovarian cancer 9 in adults; and in children and adolescents receiving maintenance treatment for acute lymphoblastic leukaemia. 10, 11 Chemotherapy-induced lymphopenia has been shown to be prognostic in advanced breast cancer, soft-tissue sarcoma, and diffuse large B-cell lymphoma. 12 If a similar association between toxicity and either histological response or survival was found in patients with osteosarcoma, an understanding of the underlying genetic and other mechanisms which may explain this constitutional chemosensitivity could lead to the testing and development of therapeutic strategies to exploit or circumvent these phenomena, with the prospect of greater individualisation of treatment and improved outcomes. The European Osteosarcoma Intergroup (EOI) has completed three randomised controlled trials (RCTs), involving over 1000 patients with localised extremity osteosarcoma. The same 'standard' treatment arm was used in all three, creating a uniquely large cohort treated in a standard manner and followed prospectively.
To explore whether chemotherapy-induced toxicity was associated with outcome in patients with high-grade osteosarcoma, we undertook a retrospective analysis exploring factors relating to survival and histological response in this cohort.
2.
Patients and methods
Patients
Between electively treated with post-operative chemotherapy alone in BO02 were excluded from this study, in line with previous reports from this series. 5, 13, 15 In total, 533 patients were included in the current combined analysis (Fig. 1) .
Patients aged 640 years with histologically proven, highgrade, localised extremity osteosarcoma, and adequate renal and cardiac function were eligible. Patients who had received prior chemotherapy or had a previous malignancy were ineligible. Ethics approval was granted at all institutions, and written informed consent obtained from the patient or parent, in accordance with the local regulatory guidelines. Patients were randomised within 35 d after diagnostic biopsy. The resected specimen was examined histologically to assess response to pre-operative chemotherapy. Good histological response was defined as P90% necrosis in the tumour resected. Both the diagnostic pathology and response assessment were reviewed by the EOI pathology sub-committee.
Data
In each RCT, toxicity data were collected prospectively at each cycle of chemotherapy using standardised case-report forms and graded at site according to the World Health Organisation (WHO) criteria 16 for haematological toxicity, infection, mucositis, nausea/vomiting, neurological toxicity and cardiac toxicity. Renal toxicity was not specifically recorded in BO06 so this factor was not included in this combined analysis. The worst grade of toxicity for each patient in any pre-operative cycle was used in analyses of histological response, and the worst grade of toxicity per-patient for all cycles was used in the analyses of overall and progression-free survival. Data for leucopenia and thrombocytopenia were not available for the first trial (BO02). Data on non-haematological toxicity were available for 517/533 (97%) patients. Data on histological response were available for 351/533 (66%) patients.
Statistical analysis
This was a retrospective analysis, carried out on an intentionto-treat basis, in which data from the original three trials were combined and analysed as one data-set. Analyses were undertaken to examine prognostic factors for overall survival, progression-free survival (PFS) and histological response. Baseline characteristics examined included: collaborative group, geographical location, age, gender, primary site (bone affected), proximal versus distal tumour (proximal defined as a proximal tumour of the humerus or femur; distal as all other sites), and histological subtype. Treatment-related factors included type and timeliness of surgery, histological response to pre-operative chemotherapy and chemotherapyinduced toxicity. A two-sided significance level of 5% was adopted. Stata 9 (StataCorp, College Station, TX) was used for the analysis. Analyses of factors influencing overall survival and PFS used standard time-to-event methodology (survival analysis). 17 Median follow-up was calculated by reverse censoring on overall survival. Overall survival was timed until death (from any cause) or patients were censored at the date of last follow-up if death had not occurred. PFS was timed until date of first event (local or metastatic disease progression or death but excluding apparent progression of local disease before primary surgery), or censoring occurred at date of last follow-up. Fourteen patients had apparent progression of local disease before primary surgery but these events were not included in recognition that early clinical distinction between response and progression is unreliable in osteosarcoma; the patients were included in the survival analyses. The relative risks of each factor are summarised using hazard ratios (HR) from univariate and multivariate Cox regression models. HRs are expressed relative to patients in the baseline category of the factor of interest; so an HR <1.0 indicates a lower risk of the event compared to the baseline category. Variables were considered to be nominal. For the univariate models, survival was measured from date of randomisation, or from date of surgery for factors measured at surgery (histological response, type of surgery). In the multivariate analyses, survival was measured from the date of surgery.
The impact of factors on histological response was examined using univariate and multivariate logistic regression models, and expressed by odds ratios (OR). An OR >1.0 indicates a greater chance of achieving a good response, compared to the baseline category. 
For both the Cox and logistic regression models, patients with missing data for the variable of interest were excluded from that particular univariate analysis. Only patients with data available for all factors were incorporated in the multivariate analyses. All models were stratified by trial.
Results

Patient characteristics
Patient characteristics are shown in Table 1 
Treatment
Treatment received is shown in Table 2 . The proportion of patients completing six cycles of chemotherapy as scheduled was 80%. Six percent of patients stopped treatment due to progressive disease. Patients were slightly more likely to be reported as stopping early for excessive toxicity within BO02 (Supplementary Data). Most toxicities were common with >90% of patients reporting nausea/vomiting (504/519) and leucopenia (409/437); and >60% reporting mucositis (338/518), infection (321/517) and thrombocytopenia (342/427).
Patients were more likely to undergo an amputation in BO02 (44%) compared to the later studies (26% within each) (Supplementary data). The overall proportion of patients achieving a good histological response was 35%.
3.3.
Overall survival
The 5-and 10-year overall survival for all patients was 57% (95% confidence interval (CI) 52-61%) and 53% (49-58%), respectively ( Fig. 2 ). In total, 227 deaths were observed. Univariate and multivariate analyses for overall survival are shown in Table 3 .
Factors at diagnosis
No differences in survival were observed according to collaborative group, geographical location, or age. Female gender was associated with improved survival in univariate analysis, but the effect size decreased in the multivariate model. Primary site was a prognostic indicator, with the humerus having the poorest survival (5-year overall survival 41%, 95% CI 27-55%), and the tibia the best (66%, 57-73%). Patients with proximal tumours had poorer survival compared to those with distal tumours (40%, 28-52% versus 60%, 55-64%). There was no statistically significant difference in survival between the main histological subtypes but the small (n = 22) heterogeneous group categorised as 'other' appeared to have the poorest prognosis.
Treatment-related factors
Histological response was prognostic for survival, with patients who had a good histological response having a 5-year overall survival of 71% (95% CI 61-78%) versus 47% (38-51%) for those with a poor response. There was no evidence of a difference in survival according to the type of surgery or for patients whose surgery took place more than 10 d later than specified. In univariate analysis, early surgery was associated with worse 5-year survival, being 42% (24-59%), versus 55% (48-62%) for patients whose surgery was on-time (HR 1.67, 95% CI 0.98-2.87) but this effect disappeared in multivariate analysis (0.91, 0.28-3.01).
Chemotherapy-induced toxicities were prognostic for overall survival, with the presence of greater toxicity generally being associated with better survival. In univariate analysis, toxicities with the greatest effect on survival were grades 3-4 oral mucositis (Fig. 3) , grades 1-2 peripheral neuropathy and thrombocytopenia of any grade (Fig. 3) . Grades 1-4 nausea/vomiting identified a group of patients with some evidence of improved survival (Fig. 3) . Within multivariate analysis, grades 3-4 oral mucositis, grades 1-2 nausea/vomiting and grades 1-2 thrombocytopenia were associated with improved survival. No evidence of an association with survival was found with leucopenia, infection or cardiac toxicity (experienced during chemotherapy). Only one patient experienced grades 3-4 peripheral neuropathy so no results could be drawn for this category. Stratifying by whether or not patients had completed all six cycles of chemotherapy had no impact on the toxicity-related factors that were statistically significant for an impact on survival (data not shown).
3.4.
Progression-free survival
Five-and 10-year PFS was 44% (95% CI 40-49%) and 44% (39-48%), respectively ( Fig. 2) , with 284 events observed. The univariate and multivariate analyses for PFS are shown in Table 3 . Primary site and histological response to pre-operative chemotherapy were also strongly associated with PFS but there was no evidence of an association with gender or timeliness of surgery. Within multivariate analysis, patients with anaplastic tumours (16/328) appeared to have a better PFS compared to other histological subtypes. Chemotherapy-induced toxicity was also a prognostic factor for PFS. Grades 1-4 oral mucositis, grades 1-2 nausea/vomiting, grades 1-2 peripheral neuropathy, thrombocytopenia of any grade and grades 3-4 leucopenia were associated with improved PFS in univariate analysis; on multivariate analysis, the effect of leucopenia and grades 1-2 oral mucositis lessened.
Histological response
Older age and chondroblastic tumours were associated with a significantly lower chance of reporting a good histological response (age P26 years, OR 0.18, 95% CI 0.04-0.72; chondroblastic tumours, 0.28, 0.10-0.77) (Supplementary data). No association was found with chemotherapy-induced toxicity, or any other factor.
Discussion
This paper uniquely explores the association between chemotherapy-induced toxicity and outcome in patients with osteosarcoma. Chemotherapy-induced toxicity was associated with improved overall and progression-free survival. It did not predict an increased likelihood of having a good histological response to pre-operative chemotherapy, however, although this was itself prognostic for survival. Although the results are derived from a cohort of patients treated with doxorubicin and cisplatin alone, these agents remain central to all widely used regimens for osteosarcoma. The incorporation of other agents such as methotrexate into current regimens may alter the spectrum of toxicities experienced by patients and, while there is no empirical reason to conclude that the addition of methotrexate would erase the predictive value of chemotherapy-induced toxicity, further study is warranted.
In studies exploring chemotherapy-induced toxicity in other cancers, myelosuppression has been associated with improved outcome raising the possibility of using this as an indicative marker for chemotherapy efficacy. 6, 12, 18 In contrast, we found that non-haematological toxicities appear to be a better indicator of survival in osteosarcoma. Although there was a trend for improved survival in patients experiencing myelosuppression, this only remained statistically significant for thrombocytopenia. It is likely that patients with osteosarcoma experience a higher incidence of grades 3-4 myelosuppression than patients with other tumours, due to more aggressive chemotherapy, thus diminishing its relative association with survival. In addition, although not routinely recorded in these trials, G-CSF was permitted on a per-patient basis, which may have reduced the overall incidence of neutropenia. Increased nausea and vomiting was associated with a trend for increased survival. The reported incidence of this toxicity decreased in later studies, probably due to better antiemetic prophylaxis; hence it is likely that its prognostic sensitivity has now decreased. In osteosarcoma, little is known about the influence of inter-patient variations in chemotherapy metabolism on its tolerability or effectiveness. Wide inter-and intra-variability in serum methotrexate levels has been observed following high-dose methotrexate (8-12 g/m 2 ). 19 Higher serum methotrexate levels have been linked with better survival 20, 21 but results have been inconsistent, with others finding no difference or even poorer survival, with peak concentrations >1500 lM. 22 There are no systematic studies on pharmacogenetic markers linked to cisplatin or doxorubicin metabolism. However, studies to identify relevant polymorphisms in patients with osteosarcoma are now underway. 23 This analysis has some limitations. Haematological toxicity data were not available for the earliest trial and histological response to chemotherapy was missing for 182 patients (34%). Despite this being, for osteosarcoma, a large cohort, some of the categories in the analyses involved small numbers, in particular: histological subtypes other than common-type or chondroblastic, and grades 3-4 neurological and cardiac toxicity. These were retrospective exploratory analyses which are at risk of statistical anomalies. Additionally, other factors of potential interest were not routinely recorded, including lymphocyte count, alkaline phosphatase and lactate dehydrogenase levels, nephrotoxicity and tumour size. Only acute cardiac toxicity was recorded and it remains possible that sub-acute or late cardiac toxicity may be associated with survival. Although the toxicity data was recorded using a standardised grading system, there is a subjective element to assessing non-haematological toxicity and we could not control for variation between individual investigators. Early lymphocyte recovery following chemotherapy has been suggested to be prognostic in a small study of children with osteosarcoma, 24 with similar findings reported in Ewing's sarcoma, 25 and this observation warrants investigation in future prospective studies. Although the main chemotherapy protocol remained constant, other aspects of osteosarcoma treatment and supportive care changed over the 20 years that these studies cover. In the later RCTs, limb-sparing surgery was performed more often and the use of more effective antiemetics has already been cited as a probable reason for a decrease in the reported incidence of chemotherapy-induced nausea and vomiting. Changes in practice are accounted for by the modelling techniques used in this analysis; however, other changes are more problematic. For example, the decreased prevalence of common-type osteosarcoma and increased proportion of chondroblastic tumours over time may be due to improvements in pathology. Such changes in reporting practices are not always easily identifiable, and are difficult to account for in retrospective analyses.
These data for osteosarcoma are consistent with those from other cancers in showing that the presence of some Models stratified by trial (except for year of randomisation in univariate models). Toxicity grade = maximum recorded over all cycles for each category. Location of tumour: proximal = proximal humerus/femur; distal = all other sites. Surgery type: amputation includes rotationplasty and disarticulation. Timeliness of surgery: on-time = between 3 d earlier and 10 d later than specified in protocol; early = more than 3 d earlier than specified; late = more than 10 d later than specified. a Not included in multivariate model due to overlap with other variables. b Timed from date of surgery (includes multivariate model).
chemotherapy-induced toxicities may predict improved survival. Doxorubicin and cisplatin remain an integral part of treatment together with high-dose methotrexate in the current EURAMOS-1 trial (NCT00134030). 26 A similar association between toxicity and survival may exist with this regimen and can be explored when the trial matures. In the absence of new chemotherapy agents, novel approaches to optimising treatment are still needed and the prospect of individualisation of treatment through isotoxic regimens is an intriguing prospect that could be explored in future clinical trials. However, this is complicated by our finding that non-haematological, rather than haematological, toxicity was the strongest predictor of survival. Due to the subjective elements of evaluating non-haematological toxicity, and the effects of improvements in supportive care, further elucidation of the underlying mechanisms which account for individual variation in toxicity and how these might link to mechanisms of tumour sensitivity and resistance are necessary before reliable recommendations can be made. For now, lack of toxicity may provide early evidence of reduced constitutional chemosensitivity, and predict poorer outcome in patients with osteosarcoma. Osteosarcoma predominantly affects adolescents and young adults (AYAs) and age-group specific differences in pharmacodynamics have been postulated to be one of the reasons that survival in AYAs with cancer has failed to improve at the same rate as that of children and older adults. There are few data directly addressing chemotherapy dosing in this age-group. The next RCT from the EURAMOS group intends to address these issues and to capture individual's genetic information. Our data encourage the search for genetic predictors of individual toxicity and sensitivity to chemotherapy in osteosarcoma. OS by maximum toxicity grade for thrombocytopenia Years from randomisation 
